INTRODUCTION 77 78
Pseudomonas syringae is a plant pathogenic bacterium that infects a broad range of host 79 species including numerous agronomically-important food crops and ornamental plants. Due to 80 its genetic tractability, well-defined infection cycle, and ability to infect model plants such as 81 Arabidopsis, P. syringae has been adopted as a model organism for studying the genetic bases of 82 bacterial pathogenesis [1] . P. syringae can infect most aerial plant tissues, but is commonly 83 studied for its ability to colonize and infect leaves. Upon introduction to a plant host, P. syringae 84 is capable of persisting as an epiphyte on leaf surfaces [2] . Under favorable environmental 85 conditions, P. syringae swims into the apoplast, or interstitial space, of leaf tissue through 86 stomata or wounds in the leaf surface. Once in the leaf interior, P. syringae rapidly proliferates to 87 a high density and causes visible chlorosis as well as water-soaked necrotic lesions on infected 88
tissue. 89 In order to colonize leaf tissue and cause disease, P. syringae must overcome both pre-90 formed and induced plant host defenses. A primary line of defense encountered by P. syringae 91 138  medium  139  140 AC811 is unable to grow to high levels or cause disease to Arabidopsis [16] [17] . To 141 determine whether AC811 has a general growth defect, we cultured DC3000, AC811 and a 142 DC3000 Δ gacA deletion strain in King's B (KB) broth at 28˚C, a temperature frequently used for 143 overnight culturing of P. syringae. At 28˚C, growth rates of AC811 and DC3000 Δ gacA were 144 not significantly different from that of DC3000 (Fig. S1A ). We also tested growth of these 145 strains in KB broth at 21˚C, the same temperature we use to maintain Arabidopsis plants during 146 infection assays, and observed no growth defect for either AC811 or DC3000 Δ gacA (Fig. S1B) . 147 These data indicate that AC811 does not have a general growth defect, and suggest that growth 148 of this strain may be specifically hindered within the leaf apoplast environment. 149 150 A nonsense mutation in anmK contributes to decreased virulence of 151 AC811 152 153
Decreased relative growth of AC811 occurs in Arabidopsis leaves but not in King's B
Decreased virulence of AC811 in the apoplast of Arabidopsis leaves is not due to loss of 154
gacA [17] . We hypothesized that another mutation may be responsible for the decreased 155 virulence of AC811. We used the Illumina HiSeq platform to sequence the genomes of strain 156 AC811 and its DC3000 parental strain, enabling us to search for single nucleotide 157 polymorphisms (SNPs) that were unique to AC811 [18] . We identified a total of 120 high 158
confidence SNPs in AC811 relative to the published DC3000 reference genome (Table S1 ). A 159 total of 77 of these SNPs are unique to AC811, as determined based on their absence in the 160 genome sequence of the parental strain. Of these, two SNPs were identified as the most likely to 161 significantly impact protein function and cause the AC811 mutant phenotype. One of these 162
unique SNPs results in a nonsense mutation in the first third of the coding region of 163 PSPTO_0606, encoding a predicted 1,6-anhydromuramic acid kinase (AnmK). We sequenced 164
the anmK locus of AC811 and its DC3000 parental strain, confirming that the nonsense mutation 165 is present in AC811 but absent in the parental strain ( Fig. 1A) . We also identified a SNP 166 exclusive to AC811 that causes a frameshift in PSPTO_1067, a predicted glycosyltransferase. 167
All other SNPs unique to AC811 were either predicted missense mutations, synonymous 168 mutations, or mutations within intergenic regions, and were not predicted to have severe effects 169 on protein function (Table S1) To assess whether the mutations in anmK and PSPTO_1067 contribute to loss of AC811 181 virulence, we individually cloned the DC3000 alleles of anmK and PSPTO_1067 into pME6010, 182
introduced the resulting constructs into DC3000 and AC811, and infected Arabidopsis leaves 183 with these strains by syringe-infiltration. AC811 carrying anmK::pME6010 grew to significantly 184 higher levels relative to AC811, indicating that introduction of the DC3000 allele of anmK 185 partially complemented the ability of AC811 to grow in planta ( Fig. 1B ). However, growth of 186 AC811 anmK::pME6010 was not fully restored to DC3000 levels, suggesting that other factors 187 may contribute to AC811 in planta growth ( Fig. 1B) . Expression of anmK did not significantly 188 impact the growth of wild type DC3000 ( Fig. 1B ). DC3000 is a highly virulent pathogen that can 189 achieve high levels of growth, which could mask any potential growth-promoting effects of 190 anmK. To test this, we introduced anmK::pME6010 into a virulence-attenuated DC3000 191 Δ avrPtoΔavrPtoB strain [19] . Similar to DC3000, we detected no anmK-dependent increase in 192 the growth of this strain in Arabidopsis leaves ( Fig. S2 ). No increase in growth was measured for 193 AC811 carrying PSPTO_1067::pME6010, suggesting that the frameshift mutation of this gene 194
does not negatively impact AC811 virulence ( Fig. S3 ). Together, these data indicate that a 195 nonsense mutation in anmK contributes to the decreased virulence of AC811. 196 197 198 Tn5 insertion in gacA disrupts the expression of downstream uvrC 199 200 We reasoned that the insertion of Tn5 into the gacA open reading frame in AC811 may 201 have a polar effect on nearby genes. In DC3000, gacA is predicted to be part of an operon 202
including uvrC and pgsA [13] that is conserved among γ -proteobacteria [14-15, 20-22] ( Fig. 2A ). 203
The Quantitative RT-PCR analysis of gacA, uvrC, and pgsA transcripts. Transcript abundances were 214 normalized to gyrA transcripts using the PCR efficiency -ΔΔC t method and calculated relative to 215 transcript levels measured in wild type DC3000. Graphed are means ± SE from data pooled 216 across two independent experiments with two technical replicates each; n = 4. Asterisks denote 217 statistical significance from pairwise t-tests performed between the indicated strains and 218 DC3000. **p < 0.01; ns = no significant difference (p > 0.05). 219 220 We used quantitative RT-PCR (qRT-PCR) and gene-specific primers to measure the 221 abundance of gacA-, uvrC-and pgsA-containing transcripts in AC811. As expected, we could not 222 detect gacA-containing transcripts from AC811 or the DC3000 Δ gacA-1 deletion strain ( Fig.  223 2B). Transcripts containing uvrC were also significantly decreased in AC811 bacteria relative to 224 levels in DC3000 (Fig. 2B ). In contrast, the abundance of pgsA-containing transcripts was not 225 significantly altered in AC811 ( Fig. 2B ). We also measured uvrC and pgsA expression in 226 DC3000
Δ gacA-1 and found that the abundance of uvrC transcripts was similar to DC3000 227 levels, whereas the average abundance of psgA transcripts was reduced approximately 2-fold, 228 although this reduction was not significantly different from psgA levels in either DC3000 or 229 AC811 ( Fig. 2B ). For all genes assessed, virtually no transcripts were detected from negative 230 control reactions in which cDNA was mock synthesized in the absence of reverse transcriptase 231 ( Fig. S4 ). Based on these data, we conclude that the Tn5 insertion in gacA decreases the 232 expression of uvrC but not pgsA. Furthermore, these data indicate that deletion of the entire gacA 233 open reading frame does not exert a significant polar effect on the expression of downstream 234 genes. 235 236 237
We additionally assessed whether polycistronic transcripts containing both gacA and 238
uvrC are altered in AC811. To investigate, we performed qRT-PCR with primers that span the 239 gacA-uvrC junction and measured a significant decrease in these transcripts in AC811 ( Fig. S5 ). 240 We also detected transcripts containing the uvrC-pgsA junction by qRT-PCR, but did not observe 241 any significant change in the abundance of these transcripts in either AC811 or DC3000 To determine whether decreased uvrC expression contributes to the virulence defect of 249 AC811, we cloned uvrC into broad host range vector pME6010 and introduced this construct 250
into both DC3000 and AC811. We then syringe-infiltrated theses strains into Arabidopsis leaves 251 and observed that AC811 carrying uvrC::pME6010 grew to significantly higher levels than 252 AC811 carrying empty pME6010 (Fig. 3A ). Similar to our results with anmK expression, 253
uvrC::pME6010 did not alter growth of DC3000 WT ( We next introduced a plasmid with the DC3000 allele of anmK into AC811 Δ gacA. The 272 introduction of anmK DC3000 was sufficient to fully restore the growth of AC811 Δ gacA to 273 DC3000 levels in Arabidopsis leaves (Fig. 4) . Disease symptoms caused by AC811 Δ gacA 274
carrying anmK DC3000 , such as chlorosis of infected leaves, also appeared similar to those 275 produced by DC3000 infection (Fig. S6 ). Based on these data we conclude that decreased uvrC 276 expression and loss of AnmK function are together causal for decreased virulence of AC811 in 277
Arabidopsis leaves. To investigate if GacA regulates siderophore production in DC3000, we incubated DC3000, 294 AC811 and DC3000 Δ gacA on CAS blue agar to detect siderophore production. We observed a 295 significant reduction in siderophore production by AC811 ( Fig. 5A,B ). However, no decrease in 296 siderophore levels was observed for DC3000 Δ gacA, indicating the decrease in siderophore 297 production by AC811 is gacA-independent (Fig. 5A,B ). Expression of uvrC in AC811 298 significantly increased siderophore production by AC811 to near DC3000 levels (Fig. 5C ). 299 Furthermore, siderophore production by AC811 Δ gacA was indistinguishable from DC3000 300 ( Fig. 5B ). Together, these data indicate that, similar to DC3000 growth in the leaf apoplast, 301 polar effects of Tn5 on uvrC expression influence the levels of siderophore production. Isolating and characterizing mutants that have loss-of-virulence phenotypes is 318 fundamental to understanding virulence mechanisms of P. syringae and other bacterial 319 pathogens. However, laboratory manipulation of bacterial genomes can present various 320 challenges. Common techniques used to generate mutants, such as Tn5 insertional mutagenesis, 321 carry the risk of disrupting expression of surrounding genes. Furthermore, accumulation of SNPs 322 or other mutations within the genomes of laboratory strains may further confound the analysis of 323 mutant phenotypes. Here, we investigated the genetic defects of AC811 and demonstrated that a 324 polar effect of the Tn5 transposon, as well as a second-site mutation are causal for decreased 325 virulence of AC811. In this case, these unintended genetic defects led to the discovery of two 326 genes that positively regulate DC3000 virulence. However, these gacA-independent effects also 327 contributed to confusion regarding the role of gacA in DC3000 virulence, and highlight the need 328 for caution when interpreting phenotypes of mutant strains, as well as the need to confirm that 329 the casual lesion is indeed within the gene of interest. In this work, whole genome sequencing of 330 AC811 proved to be an effective approach for identifying an off-target genetic defect. With the 331 ever-decreasing cost of high-throughput DNA sequencing, we anticipate that whole genome 332 sequencing of mutant strains may become a routine and necessary practice in the laboratory for 333
confirming the results of bacterial genetic studies. 334 We demonstrated that a lesion in anmK (PSPTO_0606) causes a reduction in in planta 335 growth of AC811. The anmK gene is predicted to encode for anhydro-1,6-muramic acid kinase, 336
an enzyme that catalyzes the phosphorylation of muropeptides generated during the natural 337 recycling of bacterial cell wall peptidoglycan [28] . AnmK has not been previously identified as 338 necessary for virulence of P. syringae, and the specific role of this enzyme during host infection 339 remains unknown. In E. coli, loss of AnmK function is known to disable phosphorylation-340 dependent retention of muropeptides in the bacterial cytosol, preventing the metabolic reuptake 341 of peptidoglycan. This disruption of cell wall regeneration leads to the extracellular 342 accumulation of murein breakdown products [28]. Among Gram negative bacteria, fluctuations 343
in extracellular muropeptide composition act as signals of environmental stress, such as high 344 cellular osmolarity induced by water stress or cell envelope damage inflicted by antibiotics [29] . 345
AnmK-mediated cell wall recycling could be required for the rapid proliferation of DC3000 346 following colonization of the host apoplast. Alternatively, abnormal accumulation of 347 muropeptides in the extracellular space may disrupt DC3000 cellular stress signaling, possibly 348 affecting the ability of DC3000 to tolerate stressors of the plant environment such as immune 349 defenses and/or water stress. 350 Our results suggest that UvrC may play a role in regulating DC3000 virulence. also produced in DC3000, indicating that gacA is expressed as part of a larger operon structure 376 than previously reported. Consistent with this operon model of gacA and uvrC expression, we 377 observed a significant reduction in uvrC and gacA-uvrC transcripts in AC811 due to polar effects 378 of the Tn5 insertion in gacA. Although we also detected bicistronic uvrC-psgA transcripts, both 379
psgA-and uvrC-psgA-containing transcripts were not significantly altered in abundance in 380 AC811 ( Fig. 4 and Fig. S4 ). In E. coli, monocistronic uvrC transcripts and bicistronic uvrC-psgA 381 transcripts are produced by promoter sequences within the gacA coding region [24] and these 382 promoter elements are conserved within DC3000 gacA based on our sequence analysis. 383
Therefore, uvrC-psgA transcription in AC811 may occur through promoter elements in gacA that 384 are downstream of Tn5 insertion, allowing for expression of psgA to remain unperturbed. 385
Notably, expression of uvrC was restored to wild type levels in our AC811 Δ gacA strain, 386
indicating that promoter elements upstream of gacA are sufficient to drive the expression of uvrC 387 even in the absence of gacA. Despite the conserved genomic arrangement of gacA and uvrC, the 388 functional relationship between these genes (if any) remains unknown. Further analysis of the 389 mechanistic role of UvrC during P. syringae infection may provide important insights into the 390 functional significance of the gacA-uvrC association. 391
Our results also uncovered a role for uvrC in siderophore production by DC3000. 392
Siderophores are a class of fluorescent iron-chelating compounds that are secreted by bacteria 393 into the extracellular space during iron-limiting growth conditions. Upregulation of uvrC 394 expression under iron-limiting conditions has been reported in certain bacterial species [38], 395 although this effect is not observed in all cases [39] . Both uvrC expression and siderophore 396 production are induced in biofilm-forming cells of Mycobacterium smegmatis, though it is 397 unknown whether uvrC influences siderophore production or is simply concomitantly expressed 398 [40] . Siderophores contribute to the virulence of many bacterial pathogens. However, a DC3000 399 mutant that is unable to synthesize or import siderophores remains fully virulent on host tomato 400 plants [41] . Therefore, although both decreased virulence and siderophore production are 401 observed with AC811, it is unlikely that these two phenotypes are causally-related. In addition to 402
identifying UvrC as a regulator of siderophore production, our results also demonstrate that 403
GacA is dispensable for this phenotype. Regulation of siderophore biosynthesis by GacS/A has 404 been described in various Pseudomonads, though whether GacS/A functions as a positive or 405 negative regulator of siderophore production appears to vary across species [25] [26] [27] . As many 406 previous studies have relied on insertional mutants to assess the function of GacA, in some cases 407 it may be necessary to re-assess these mutant strains to determine if off-target effects on uvrC 408 expression may be responsible for gacA-associated phenotypes. 409 410 The Gibson assembly method was used to clone the open reading frames of uvrC and 425
Materials and Methods
anmK into broad host range vector pME6010 under control of a constitutive kanamycin promoter 426
[42]. Primers 6010-F1/6010-R1 and 6010-F2/6010-R2 (Table S2 ) were used to PCR amplify 427 pME6010 as 3.0-kb and 5.5-kb DNA fragments. Primer sets 6010-uvrC-F/6010-uvrC-R and 428 6010-anmK-F/6010-anmK-R (Table S2 ) were used to amplify uvrC and anmK, respectively, 429 from DC3000 genomic DNA. PCR products of uvrC or anmK were then mixed with the 3.0-and 430 5.5-kB fragments of pME6010 and assembled using the NEBuilder HiFi mix (NEB). Plasmids 431 were transformed into E. coli DH5a competent cells (NEB) by heat shock. Tc R clones were 432 screened for the presence of the uvrC or anmK insert by colony PCR with primer sets 6010-433 uvrC-F/6010-uvrC-R or 6010-anmK-F/6010-anmK-R, respectively. Constructs were confirmed 434 by Sanger sequencing. Plasmids were conjugated into DC3000 by tri-parental mating using an E. 435
coli helper strain carrying pRK600 [43] . 436 437
Generation of gacA deletions in DC3000 438 439
The previously described Δ gacA::pK18mobsacB suicide vector [17] was conjugated into 440 DC3000 by tri-parental mating using an E. coli helper strain carrying pRK600 [43] . Merodiploid 441 colonies were passaged 1-3 days in KB broth with 50 µg/mL rifampicin prior to counter-442 selection on KB agar with 15% sucrose. Sucrose-resistant colonies were plated on KB agar with 443 50 µg/mL rifampicin supplemented with or without selective antibiotics. PCR reactions with 444 primers gacA-F and gacA-R (Table S2 ) were used to screen genomic DNA isolated from 445 kanamycin-sensitive colonies for deletion of gacA. To generate a
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